Using analytical calculations and numerical simulations, we show that a meridional component of magnetic-flux transport will offset the shearing effect of differential rotation and give rise to rigidly rotating patterns of large-scale magnetic field. The nonaxisymmetric field attains a striped polarity pattern which rotates rigidly like a barber pole while its individual small-scale flux elements rotate at the differential rate of the latitudes they are crossing. On the Sun, the meridional transport is provided by supergranular diffusion possibly assisted by a small poleward flow. New sources of flux retard this process and exclude the rigid rotation from the sunspot belts until well into the declining phase of the sunspot cycle. This mechanism accounts for a number of heretofore unexplained phenomena including the tendency for coronal holes to rotate rigidly during the declining phase of the sunspot cycle.
I. INTRODUCTION Howard (1984) and Schroter (1985) recently emphasized that tracers of the photospheric magnetic field do not give a unique solar rotation rate. Whereas short-lived, small-scale features exhibit differential rotation, long-lived, large-scale features show a more rigid rotation (Bumba and Howard 1965, 1969; Howard 1967; Stenflo 1974 Stenflo , 1977 . The rigid rotation also extends to the patterns of Fe xiv A5303 intensity in the lower corona (Antonucci and Svalgaard 1974) and to X-ray, XUV, and He i ¿10830 coronal holes (Timothy, Krieger, and Vaiana 1975; Wagner 1975; Bohlin 1977; Krieger 1977) during the declining phase of the sunspot cycle.
Snodgrass (1983) obtained a rotation profile characteristic of short-lived features by cross-correlating magnetograms obtained only a few days apart. His rotation profile is independent of time and, in the sunspot belts, agrees with the one obtained by Newton and Nunn (1951) for the average motion of long-lived sunspots during the years 1878-1944. At latitudes above the sunspot belts, it agrees closely with the rotation profile determined from Doppler measurements at the Mount Wilson Observatory over a 13 yr interval (see Howard 1984) .
In an earlier analysis, Schatten et al (1972) simulated the evolution of the large-scale magnetic field during the 9 month interval 1959 November-1960 August. They used measured fluxes in new bipolar magnetic regions as input, and transported this flux by means of the Newton and Nunn (1951) rotation and by supergranular diffusion at an unspecified rate, which presumably was in Leighton's (1964) range of ~ 800-1600 km 2 s -1 . They found that the observed and simulated fields shared a similar differential rotation profile which was significantly faster than the Newton and Nunn (1951) rate at latitudes poleward of 20°. However, they did not attempt to explain this result, except to state that " small displacements as a function of latitude might result from the rotation-by-rotation method of computations."
In this paper, we present analytical calculations and numerical simulations which show that supergranular diffusion and meridional flow are responsible for the rigid rotation of large-scale magnetic patterns. Both diffusion and meridional flow carry flux, and thus phase, across latitudes, and thereby offset the shearing which differential rotation exerts on the large-scale field. New sources of flux retard this process and limit the rigid rotation to high latitudes until the declining phase of the sunspot cycle. This mechanism accounts naturally for a number of heretofore unexplained observations, including the quasi-rigid rotation of largescale features at latitudes above the sunspot belts, the tendency for the relatively inactive southern hemisphere to have rotated more rigidly than the northern hemisphere during the years [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] , and the rigid rotation of coronal holes during the declining phase of the sunspot cycle. Section II contains a detailed analytical description of this mechanism, and § III presents simulations of the magnetic field rotation during sunspot cycle 21.
II. THE MECHANISM a) General Concepts
We begin with the premise that the large-scale magnetic field evolves by the eruption of flux in new bipolar magnetic regions and by the subsequent transport of this flux via supergranular diffusion, differential rotation, and meridional flow. As Leighton (1964) and DeVore et al (1984) have discussed in detail, the radial component, B, of this field can be described by the flux-transport equation (1) SHEELEY, NASH, AND WANG Vol. 319 In this equation, co(6) is the rate at which individual elements of flux are moved in longitude by solar rotation. In principle, this intrinsic rotation rate ought to agree with the rotation rate determined from Doppler measurements of the layers in which the field is supposed to be frozen. Also, k is the rate at which flux is effectively diffused by the nonstationary supergranular motions, and v(0) is the speed at which flux is transported along meridians by hypothetical large-scale motions. The source term, 5, represents the eruption of new flux as a function of colatitude 6, west longitude (p, and elapsed time t ;R is the solar radius.
The rotation rate of the evolving large-scale magnetic field pattern can be obtained by cross-correlating the field at two closely spaced times as a function of longitudinal phase lag. As shown in Appendix A, the resulting rotational phase velocity, co p (6), is given by the expression oe p (0) = -dB dB ,
In general, this phase velocity (d p {6) differs from the intrinsic rotation rate oe{Q\ as we find by substituting equation (1) for dB/dt into equation (2) . Recognizing that B is periodic on the (^-interval (0, 2n) and integrating the meridional-flow term by parts, we obtain co p (0) = co(0) -
Thus, the phase velocity differs from the intrinsic rotation rate by an amount which depends explicitly on the meridional component of supergranular diffusion, on meridional flow, and on the eruption of new flux. It also depends on the field's instantaneous spatial gradients, which in turn reflect the transport of flux from previous sources. It is possible to deduce some general properties of the phase velocity without evaluating the integrals in equation (3). First, we note that an axisymmetric component of B will not contribute to the source term or the transport terms, and thus will not influence the phase velocity. Second, if the nonaxisymmetric component of B is described by a single spherical harmonic component, then neither diffusion nor meridional flow will contribute to co p (6). Physically, these latitudinal transport terms cannot produce an azimuthal phase shift when the lines of constant phase lie along meridians. On the Sun, differential rotation would eventually distort a meridional line of constant phase and thereby produce the required additional harmonic components. On the other hand, the source term may contribute to the phase velocity even when the lines of constant phase do lie along meridians.
In view of these facts, it is instructive to consider the phase velocity for a sectorial field consisting of more than one meridional harmonic component. In general, such a field B can be expressed in the form B(6, cp, t) = A(0 9 t) sin m [(p -0(6, i)] (4) where m is the sectorial mode number. The amplitude A(6, t) and phase ô(6, t) are related by the flux-transport equation, as we find by substituting equation (4) for B into equation (1). In this case, we obtain the coupled equations : co j(6) = S = co(6) + R 2 2Ô 1 ^ + ô'cot e + ô") - 
In these equations, the dots and the primes indicate differentiation with respect to time and colatitude, respectively, and the quantities S 0 and e are the amplitude and phase of the source function, which is assumed to have the form
Equation (5a) shows explicitly that the contributions of diffusion and meridional flow depend on the latitudinal gradients of phase, whereas the contributions of sources depend on their individual phases relative to the phase of the background field. Next, we shall examine these three contributions in detail.
b) The Contribution of Meridional Flow In the absence of diffusion and sources of flux, the field's phase becomes decoupled from its amplitude, and evolves according to equation (5a) alone, which can be rewritten in the form S + V -YÔ' = oe(0).
The left side of equation (7) can be regarded as the total derivative dô/dt provided that dO/dt = v(6)/R. Thus, a particle carried along by meridional flow will experience a temporal change of Ô equal to the local rate co(0). Consequently, a particle which moves from colatitude 0 O to colatitude 0 in a time t given by
will also experience a phase change from 3(6 0 ,0) to
These equations are identical to those derived previously by Sheeley and DeVore (1986) to describe the decay of the mean line-of-sight field by means of differential rotation and meridional flow. For the field given by equation (4), the lines of constant phase can be obtained from equations (8a), (8b) by regarding i as a constant and 0 O as a function of 0. Thus, at time i, the lines of constant phase satisfy the equation
To obtain the asymptotic form of this equation, we note from equation (8a) that as i ^ oo, the initial colatitude 9 0 must approach a value 9 n where the flow speed vanishes. In this case, equation (9) reduces to (i0 » which also describes the streamlines of meridional flow and differential rotation in the coordinate system where the meridional flow speed vanishes. This is the equatorial system for a poleward flow originating at the equator where 9 n = tt/2, and it is the polar system for an equatorward flow originating at the north and south poles where = 0 and 9 n -n, respectively. Thus, together differential rotation and a hypothetical poleward meridional flow will eventually distort an initial magnetic field pattern so that its lines of constant phase approach the flow streamlines as seen in the equatorial system, and the resulting striped field pattern will rotate rigidly at the equatorial rate. As shown in Appendix B, this distortion occurs on the time scale required for meridional flow to transport flux across a distance on the order of one solar radius.
c) The Contribution of Super granular Diffusion When supergranular diffusion is included, the field's phase remains coupled to its amplitude, and in general both equations (5a) and (5b) are necessary to describe the evolution. However, for sufficiently short times, the decay in amplitude is small, and can be neglected if the initial spatial gradients of the amplitude are small. The time scale for this initial amplitude-independent evolution is the differential-rotation windup time t w , defined as the time required to wind a meridian through 360° of longitude. Thus, for times short compared to the windup time, differential rotation determines the evolution of the phase from its initial value <5 0 to its value ô at the time t according to the linear equation 0(0, t) = ô o (0) + co(0)t.
In this case, equation (5a) for the phase velocity becomes
where T d is the diffusion time R 2 /k, and A 0 is the initial amplitude of the field. Equation (12) shows that the initial behavior of the phase velocity depends on the gradients of the initial amplitude and phase as well as the gradients of the solar rotation rate. If the initial gradients of amplitude and phase vanish, then the phase velocity co p (9) would exceed the intrinsic rotation rate oe(9) near the poles (where co" is positive and cot 9 is large), and oe p (9) would be less than a>(0) near the equator (where oe" is negative and oe' cot 9 vanishes). This tendency for the phase velocity to accelerate at high latitude and to decelerate at low latitude would be even greater if the flux were initially concentrated at mid-latitude. Then at higher latitudes the positive amplitude gradient would increase the phase velocity, and at lower latitudes the negative gradient would decrease the phase velocity.
As time passes, differential rotation distorts the field into increasingly narrow bands of opposite magnetic polarity which are therefore increasingly subject to diffusive annihilation. Eventually, an approximate balance is attained between the rate at which differential rotation can produce a new stripe and the rate at which supergranular diffusion can annihilate the flux in an old one. At this point, the phase velocity approaches rigid rotation. In Appendix C, we illustrate this process for a field which begins as a horizontal dipole of the form B 0 sin 9 sin ç, and we find that the phase velocity attains different asymptotic values above and below the latitude where the intrinsic rotation rate has its maximum latitudinal gradient.
The evolution of the phase velocity can also be described in terms of the evolution of the spherical harmonic components of the magnetic field. As pointed out by Leighton (1964) , a harmonic component of meridional mode number / has a diffusive decay time of T d /l(l + 1), where i d is the global diffusion time R 2 /k. Consequently, the higher order components decay rapidly, and the lower order components dominate the magnetic field. As differential rotation transfers power away from these lower order components, it brings them approximately to rest in the equatorial coordinate system, and the decaying field itself rotates at approximately the equatorial rate (see Sheeley and DeVore 1986) . For an initial horizontal dipole field, the equilibrium between Newton and Nunn differential rotation and 300 km 2 s -1 supergranular diffusion is attained after ~3.5 windup times, and the subsequently decaying field is dominated by rigidly rotating harmonic components with / < 17 (see Appendix C).
Finally, we note more generally that a process which favors the lower order harmonics over the higher order ones will cause the rotation profile to be more rigid than would otherwise be the case. For example, in the outer corona, where the amplitudes of the SHEELEY, NASH, AND WANG Vol. 319
higher order harmonic components are limited by their steep (r/R)~l~2 radial falloff, the rotational profile will always be more rigid than the profile determined from small-scale photospheric tracers. However, the resulting quasi-rigid rotation period will vary with time during the sunspot cycle in response to changes in the source-eruption rate. In the next subsection, we shall see that the eruption of new flux delays the ultimate trend toward rigid rotation at the equatorial rate.
d) The Contribution of Sources When sources are present, the evolution of the field's phase is strongly coupled to the evolution of its amplitude, so that again both equations (5a) and (5b) must be considered. For simplicity, we assume that the source function consists of a sequence of discrete eruptions, and that between these eruptions the field evolves under the sole influence of the transport terms as described in the previous subsections of this paper.
We can obtain the instantaneous contribution of a single source by solving equations (5a), (5b) in the absence of the transport terms. In this case, we find
where A and <5 are the field's amplitude and phase immediately after the eruption, A 0 and <5 0 are the amplitude and phase immediately prior to the eruption, AA and e are the source's amplitude and phase, and m is the sectorial mode number. Thus, without the transport terms, each source simply combines vectorially with the background field.
The net effect of each source depends on its amplitude A A relative to the amplitude A 0 of the background field. If AA ^ A 0 , the phase of the field remains relatively unaffected by the eruption. If AA A 0 , then <5 ä e, and the phase of the field shifts abruptly to that of the source. This sudden phase shift contributes directly to the phase velocity at the time of the eruption. Furthermore, this phase shift also affects the phase velocity during the subsequent source-free interval by resetting the latitudinal phase gradient ô' to that of the source, which we assume is zero. The net effect is to retard the progress that has been made toward rigid rotation since the previous eruption, and to force the process to begin anew.
We expect that as more sources erupt, the amplitude of the background field will increase, and each subsequent eruption will have relatively less influence on the evolution of the phase velocity. However, this increase will be limited by supergranular diffusion and meridional flow, whose combined transport terms will eventually balance the source term in equation (5b). At this point, the field's amplitude will attain the order-of-magnitude value
where t is the time for the flux to decay or move away from the latitude of its eruption. This " dispersal " time is less than ~ 4 months when the field is dominated by the small-scale flux concentrations in new bipolar magnetic regions (see Mosher 1977; Sheeley, DeVore, and Shampine 1986) . In this case, the field will be determined by sources which have erupted within the last few months, and therefore which have not lived long enough to cause the phase velocity to depart appreciably from the intrinsic rotation rate. We can estimate the limiting phase gradient by differentiating equation (5a) with respect to colatitude. Combining this result with equation (14) and neglecting terms of order l/iy and 1/T d , we obtain S' ~ co'
Thus, we see that ô' stops increasing when it attains a value of order co't. If t < t w , this is the amount of distortion which differential rotation produces during a dispersal time t (see eq.
[11]). The corresponding phase velocity is obtained by substituting this value of Ô' into equation (5a) without the source term. The result is
where/(0) is the meridional flow profile defined by v(6) = -v o f(0), x f is the meridional flow time R/v 0 , and x d is the diffusion time R 2 /k. Thus, when the field is dominated by new bipolar magnetic regions and has a correspondingly small dispersal time t, its phase velocity co p (6) will not differ appreciably from the intrinsic rotation rate co(0).
For many eruptions distributed randomly in longitude, we would expect the immediate contributions of the source term in equation (5a) to average out. However, if the sources were confined to a specific " active longitude," say in the equatorial coordinate system, then the source term would have a net, dominant contribution. In the limit that each source decays so rapidly that the field is determined by the current eruption, the phase velocity would be simply the equatorial rate (or, more generally, the rotation rate of the system in which the active longitude is located). In the opposite limit in which the sources do not decay, the immediate contributions of equal-amplitude sources are easily obtained by putting e(i') = co 0 f and integrating the suitably rotated source function as follows :
In this case, the phase velocity is
which is one-half the intrinsic rotation rate in the equatorial coordinate system. Moreover, the field's amplitude does not attain a
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steady-state value given by equation (14), but oscillates with a frequency equal to the phase velocity in the equatorial coordinate system. In summary, sources affect the evolution of phase both at the time of their eruption and during the intervals between subsequent eruptions. If the sources erupt at random longitudes, then their immediate contributions will average out, and their long-term effect will be to retard the progress toward rigid rotation. On the other hand, if the sources erupt systematically at an " active longitude," then their immediate contributions will dominate and cause the phase velocity to approach the rotation rate of that longitude within an amount which depends on the decay time of the sources.
III. SIMULATIONS a) Method of Analysis
Our next objective is to study the rotational influence of supergranular diffusion, meridional flow, and flux eruption, using realistic simulations and observations of the magnetic-field evolution during sunspot cycle 21. We computed the evolution of the radial component of the photospheric field in the manner already described in detail by Sheeley, DeVore, and Boris (1985) and DeVore (1986) . Briefly, in each experiment, we adopted a set of transport parameters and source properties, and solved the flux-transport equation for the global field distribution on each day of the interval 1976 August-1986 December. (We assumed that no new sources erupted after the end of our doublet list in 1986 April.) The spatial resolution was defined by 64 cells uniformly spaced in latitude and 128 cells uniformly spaced in longitude. Our initial field consisted of a vertical dipole whose strength at the north pole was arbitrarily chosen to be +1 G. This choice of 1 G affects the polar field's reversal time and its subsequent strength, but clearly has no effect on the field's rotation, which depends only on the nonaxisymmetric component.
We obtained the rotational phase velocity by cross-correlating maps of the field simulated at consecutive intervals of 27.275 days, approximately the average Carrington period. In some experiments, we used these "instantaneous" maps of the global field, but in most cases we used conventional Carrington maps of the simulated line-of-sight field as seen from Earth, in order to facilitate comparison with the observations. These latter Carrington maps were constructed by sequentially transferring central meridian strips of the line-of-sight field from the simulation grid to the appropriate Carrington longitude, and then transforming the latitudinal axis from the linear scale used in the computations to the sinusoidal scale of the equal-area synoptic maps. This construction was carried out with a temporal resolution of five strips per day.
Figure 1 compares such a Carrington map of the simulated line-of-sight field with a corresponding map of the line-of-sight field observed at the National Solar Observatory at Kitt Peak. The simulated field was obtained with our reference model, which includes 300 km 2 s" 1 diffusion, no meridional flow, the 2500 doublet sources measured by Sheeley et al (1985) , and the Snodgrass (1983) synodic rotation rate given by co(6) = 13.38 -2.30 cos 2 6 -1.62 cos 4 6 deg day -1 .
J. W. Harvey provided the observations in the form of equal-area projections with 180 pixels, uniformly spaced in sine latitude, between the north and south poles and 360 pixels spanning 360° of longitude. We have used a "boxcar" smoothing technique to degrade this spatial resolution and thereby reduce the noise level of our cross correlations. Figure 1 shows that even with this smoothing the observed field has a higher spatial resolution than the simulated field. Although we have not adjusted the transport parameters or source properties to provide optimal agreement, the two displays in Figure 1 appear remarkably alike below ~ 30° latitude where most of the flux is relatively new. A detailed comparison reveals a longitudinal shift of ~4° (0.3 days) between these two maps. This discrepancy is caused by our use of a constant 27.275 day Carrington period for the simulated field rather than the true period which varies slightly during each year as the Earth moves in its elliptical orbit about the Sun.
A more significant discrepancy appears at latitudes greater than ~30 o . Here the simulated field is predominantly axisymmetric, whereas the observed field shows relatively broad nonaxisymmetric features stretching poleward and eastward from the sunspot belts. Evidently, the simulated polar field reversed too early in the sunspot cycle so that by 1982 its strength greatly exceeds that of the observed field. As DeVore and have recently shown, an improved agreement can be obtained by beginning with a polar field strength greater than 1 G. On the other hand, even with an initial field of 1 G, Carrington maps prior to 1982 do show high-latitude nonaxisymmetric features similar to those visible in the map of the observed field in Figure 1 .
We determined the field's rotation rate by cross-correlating consecutive synoptic maps. Unlike the instantaneous maps, the Carrington maps are not periodic and do not provide a complete sampling of the field. Thus, their cross correlation will not give precise rotation periods, especially at high latitudes. However, this undersampling will not seriously affect the comparison between the observed and simulated field because they are treated in the same way.
For the observed field, we performed the cross-correlations at each of the 180 intervals of sine latitude, whereas for the simulated field we performed the correlations at 64 intervals of latitude before displaying the results as a function of sine latitude. (As a test, we cross-correlated the simulated field at 64 uniformly spaced intervals of sine latitude, but found no appreciable difference in the results.) We assumed that the field in each latitude strip extended indefinitely as a continuous periodic function, and computed the cross-correlation using a one-dimensional fast Fourier transform algorithm. Combining the results for each strip, we obtained a map of correlation strength as a function of sine latitude and phase lag. The phase lag per Carrington rotation was converted to a phase velocity oe p and reexpressed as a rotation period 2n/co p .
For each simulation experiment, we obtained such correlation maps for every pair of Carrington maps in the interval 1976 August-1986 December (Carrington rotations 1645-1782). For the observed field, we obtained correlations for the available Carrington pairs during the interval 1974 November-1984 November (Carrington rotations 1622-1755). Next, we computed annual averages of these correlation maps for detailed measurement. For each strip of latitude or sine latitude, we fitted the resulting averaged correlation function with a Gaussian profile whose peak location determined the phase lag and whose full width at half-maximum provided a measure of the angular width of the correlating magnetic features. For comparison, we also determined a yearly rotation profile by autocorrelating a continuous 1 year strip of synoptic maps. The autocorrelation gave similar periods, but gave correlation widths which were slightly smaller at latitudes above 40°.
b) Results i) The Influence of Super granular Diffusion and Meridional Flow
We begin by comparing the rotational properties of the observed field and the field simulated with our reference model. Figure 2 shows yearly averaged rotation profiles for the observed field during 1975-1984, and Figure 3 shows the corresponding profiles for the simulated field during 1976-1986. In each figure, the shaded area indicates the width (FWHM) of the associated correlation function, and thus the angular size of the dominant correlating feature. For comparison, the Snodgrass (1983) rotational profile, used as input to the simulations, is shown as a smooth curve symmetric about the equator.
The rotational profiles in Figures 2 and 3 reveal both overall similarities and detailed differences. In general, there is a tendency for the profiles to follow the Snodgrass curve near the equator, but to separate from it at high latitudes. At sunspot minimum in 1976, the observed and simulated profiles are indeterminate at high latitudes where the corresponding fields are presumably dominated by axisymmetric flux. As the sunspot cycle progresses, the profiles become determinate at high latitudes and gradually pull off the Snodgrass curve. Toward the next sunspot minimum in 1986, the rotation becomes increasingly rigid at latitudes below 30° and indeterminate again at higher latitudes. In the sunspot belts, the observed and simulated fields have comparable correlation widths whose values presumably reflect the sizes of diffusing bipolar magnetic regions. In 1978, when the belts were far apart, the correlation width of the simulated field had a pronounced equatorial bulge, while the width of the observed field had a smaller, but nevertheless significant, bulge. Finally, at latitudes above the sunspot belts, the gradual evolution toward rigid rotation is accompanied by an increase in the width of the correlating features.
The rigidly rotating structures and large correlation widths do not develop when supergranular diffusion is removed from the standard model. In this case, each yearly averaged profile was essentially the same as the 1981 example shown in Figure 4 . Here the computed profile follows the Snodgrass curve, and has very small correlation widths corresponding to the small sizes of the undiffused doublet sources.
(To obtain precise agreement at high latitudes it was necessary to use the "instantaneous " maps of the simulated field rather than the conventional Carrington maps derived from observations at the central meridian.)
Rigidly rotating structures are also obtained when a poleward meridional flow replaces supergranular diffusion in our standard model. Figure 5 shows the yearly averaged rotation profiles for a poleward flow v(L) which depends on latitude L according to
Period ( where the maximum speed v 0 , attained at a latitude L 0 of 30° in each hemisphere, is arbitrarily assigned a value of 5 m s _1 . In the sunspot belts, the rotation profiles agree with the Snodgrass profile, and the correlation widths are comparable to the narrow ones obtained in Figure 4 for undiffused sources. In 1978, there is no equatorial bulge comparable to that obtained for the observed field or for the field simulated with a 300 km 2 s -1 diffusion. At latitudes above the sunspot belts, the rotation profiles gradually pull off the Snodgrass curve, and by 1986 approach rigid rotation at the equatorial rate. However, unlike the profiles obtained with diffusion, these profiles remain well defined at very high latitudes, where they fall back toward the Snodgrass curve. This behavior is consistent with the result which we obtained in Appendix B for the influence of meridional flow and differential rotation on the field of an initial horizontal dipole. However, the relatively large correlation widths obtained at high latitudes are produced by a numerical diffusion associated with our computational procedure (see DeVore 1986).
The complementary aspects of supergranular diffusion and a poleward meridional flow suggest that if these processes were combined, the resulting rotational properties would agree more closely with those of the observed field. At low latitudes, we would expect the poleward meridional flow to counter the equatorward diffusion of flux from the sunspot belts so that the width of the equatorial bulge in 1978 would be smaller than the value obtained with the reference model's 300 km 2 s -1 diffusion alone. At high latitudes, we would expect the poleward flow to reinforce the poleward diffusion of flux from the sunspot belts so that the rotation profiles would deviate more from the Snodgrass curve. At the same time, the poleward meridional flow would transport nonaxisymmetric field patterns to high latitudes and thereby eliminate the indeterminate rotation rates obtained there with diffusion alone. Figure 6 shows the yearly averaged rotation profiles and correlation widths obtained with supergranular diffusion at a 600 km 2 s -1 rate and a poleward meridional flow of 10 m s -1 independent of latitude. The width of the equatorial bulge in 1978 is now similar to that obtained with the observed field, and at high latitudes the rotation periods have well-determined values which are also comparable to those obtained with the observed field. In the sunspot belts, the correlation widths are also comparable.
Thus, we can approximately reproduce the observed rotation profiles by supplementing supergranular diffusion with a poleward meridional flow whose amplitude is substantial both near the equator and at high latitude. The low-latitude requirement is satisfied by the flow profile which DeVore and Sheeley (1986) derived from a comparison of the observed and simulated polar magnetic field, but the high-latitude requirement is not. On the other hand, our specific choice of transport parameters was simply illustrative, and does not necessarily represent the optimum fit to the observed rotation profiles. Before attempting such an optimization, we need to obtain a clearer understanding of the way in which the observed rotation profiles at latitudes above 45° depend on factors such as spatial resolution and the technique of constructing synoptic maps.
ii) The Influence of New Sources of Flux The narrow, differentially rotating profiles in the sunspot belts reflect the continual eruption of new sources of flux. To study the influence of these sources, we omitted all bipolar magnetic regions which erupted in the southern hemisphere during the 3 yr interval 1979 January 1-1981 December 31. Figure la shows the resulting rotation profiles obtained for the reference model during this interval. The first four panels of this figure were derived from single cross-correlation maps spaced at half-year intervals during 1979.0-1980.5, and the last two panels were derived from yearly averaged maps.
At latitudes below 40° in the northern hemisphere, the rotation profile continues to follow the Snodgrass curve, but in the southern hemisphere the profile moves gradually away from the Snodgrass curve, and by 1981 attains rigid rotation at the equatorial rate. During this same interval, the correlation widths in the southern hemisphere increase in size and the high-latitude region of axisymmetric field expands toward the equator. When the southern hemisphere sources are included again in 1982 January, the rotation profile is immediately dominated by differentially rotating, small-scale features.
Figure lb shows a similar effect when diffusion is replaced by our 5ms -1 meridional flow peaked at 30° latitude. However, in this case, a longer time is required to obtain rigid rotation after the sources are turned off; accordingly, we delayed turning them on again until 1983 January. The slower evolution reflects the relatively long meridional flow time scale x f = R/v 0 , which is 4.4 yr for our hypothetical 5 m s _ 1 flow speed. Finally, as expected, the profiles remain determinate at high latitudes throughout this interval. Figure 8 shows a map of the simulated line-of-sight field during Carrington rotation 1691 (1980 January 24-February 19) ~ 1 yr after the southern hemisphere sources have been artificially turned off. At this time, the field in the southern hemisphere is dominated by relatively weak, large-scale features which are strongly inclined in the direction of differential rotation. These curved stripes of alternating magnetic polarity are the source of the rigid rotation obtained in Figure la . The northern hemisphere contains smaller, less strongly inclined features, as well as some regions of newly erupted flux which evidently retard the progression toward rigid rotation in that hemisphere.
New sources of flux occasionally erupt systematically in longitude (see Losh 1939; Bumba and Howard 1969; Gaizauskas et al. 1983; Bogart 1982 Bogart , 1983 , and it is conceivable that such "active longitudes" could cause the field to rotate more rigidly than the Snodgrass rate. We have explored this possibility in two ways. First, we replaced the mean longitude of each doublet by a random angle in the range (-180°, +180°), and then evaluated the rotation profiles using the reference model. Second, we simulated active longitudes in the southern hemisphere during 1980 and 1983 by inserting each new source at 180° longitude in the 27.275 day Carrington system. Assuming that the remnants of each source decay rapidly as they drift away from their Carrington longitude of eruption, we would expect the new flux at this active longitude to dominate the field and give rise to a phase velocity with a period of ~ 27.3 days.
Figured summarizes the results of both of these experiments. We used "randomized" doublet longitudes except during 1980 and 1983, when we placed each southern hemisphere doublet at a longitude of 180° in the Carrington system. The randomization produced little qualitative change in the rotation properties, except during 1978, when it reduced the width of the equatorial bulge. On the other hand, the active longitudes caused the field to rotate rigidly in the southern hemisphere sunspot belt during 1980 and 1983 with a period in the range 27.1-27.3 days. The widths of these rigidly rotating structures are comparable to those obtained previously for differentially rotating features in the sunspot belts, and are substantially narrower than those of the rigidly rotating features above the sunspot belts.
In addition, the active longitudes seem to have been responsible for pronounced bulges on their equatorward and poleward boundaries during 1981 and 1984, the years following the activations. Smaller bulges are visible at these locations in 1980 during the first activation, but not in 1983 during the second activation. Evidently, these bulges reflect the longitudinal spreading of flux as it moves latitudinally away from its origin in the southern hemisphere sunspot belt. If so, we would expect the second activation to have had a smaller effect than the first because it occurred later in the sunspot cycle when the source rate was smaller.
This result that active longitudes produce equatorial bulges is consistent with the result that randomized longitudes diminished the width of the equatorial bulge in 1978. Evidently, active longitudes, such as those reported by Gaizauskas et al (1983) , were present in our doublet set during 1977-1978 and must have been partially responsible for the width of the equatorial bulge obtained in 1978 with the reference model. If flux erupts systematically in an active longitude, it will give rise to a single, broad field pattern as it diffuses away from its origin in a sunspot belt, whereas if it erupts randomly over a wide range of longitudes it will produce several narrower, and presumably weaker, patterns.
We emphasize that by putting all of the southern hemisphere doublets at the same Carrington longitude for an entire year, we simulated much stronger " active longitudes " than are generally observed on the Sun. A less dominant active longitude would be expected to give a rotation period intermediate between the Snodgrass period and the 27.275 day Carrington period, and might escape notice in our yearly averaged profiles. However, the essential point here is that even during the times of high sunspot activity the observed quasi-rigid rotation originates in relatively wide features above the sunspot belts, and therefore cannot be due to new flux in concurrent " active longitudes."
It is instructive to examine the rotation profiles for the fields which evolve from individual doublet sources. Figure 10 shows the profiles obtained with the reference model at specified intervals after the simultaneous insertion of two doublets. These two doublets each had 199 x 10 21 Mx of flux (chosen unusually large to increase the time that the field would remain above the detection threshold) and identical pole separations of 2° in latitude and 10° in longitude with the leading pole closer to the equator. However, one doublet was centered at 36° latitude, well equatorward of the 54?5 latitude at which the Snodgrass rate has its maximum gradient, and the other doublet was centered at 61° latitude, slightly poleward of the location of the maximum gradient and well poleward of where large sources are found on the Sun. To distinguish the subsequent evolutions, we placed the low-latitude doublet in the northern hemisphere and the high-latitude doublet in the southern hemisphere. Also, we derived the rotation profiles from cross-correlations of the " instantaneous " synoptic maps rather than the conventional Carrington maps.
As each magnetic region begins to evolve, its rotation rate becomes faster than the Snodgrass rate at latitudes above the source latitude and slower below the source latitude. (This coincidence between the source latitude and the invariant latitude of the rotation profile is due to the narrow latitudinal sizes of the sources. In Appendix C, we show that for a more general distribution the invariant latitude depends on the initial width of the source.) After an elapsed time of 19 Carrington rotation periods, the profiles develop rigidly rotating shapes at low latitude in the northern hemisphere and at high latitude in the southern hemisphere, respectively. These profiles are similar to those obtained in Appendix C where the initial field consisted of a horizontal dipole. 3aninvi 3Nis
Provided by the NASA Astrophysics Data System rigid rotation, narrow correlation widths, and subsequent equatorial bulges. hemisphere. By inserting the flux at low latitude, we ultimately obtained rigid rotation at a rate slightly lower than the Snodgrass equatorial rate On the other hand, by inserting the flux at high latitude, we ultimately obtained rigid rotation at a rate slightly higher than the Snodgrass polar rate.
After 27 Carrington rotations, the southern hemisphere profile " overshoots " its high-latitude asymptote, and then moves slowly back toward rigid rotation at nearly the polar rate as the field becomes symmetrized at progressively higher latitudes. At the same time, the northern hemisphere profile slowly becomes rigid at nearly the equatorial rate as its field becomes symmetrized at progressively lower latitudes. These two asymptotically rigid rotation rates are analogous to the polar and equatorial asymptotes of the Sun's mean line-of-sight field (see Sheeley and DeVore 1986) .
IV. DISCUSSION
We have shown that a meridional component of magnetic flux transport will combine with differential rotation to produce rigidly rotating patterns of large-scale magnetic field. On the Sun, supergranular diffusion provides such a meridional component of flux transport, and thus is at least partially responsible for the long unexplained tendency for magnetic field patterns to rotate rigidly (see Howard 1984; Schroter 1985) . A small poleward meridional flow has also been reported by some observers (Duvall 1979; Howard 1979; LaBonte and Howard 1982; Ulrich 1986) , and, if present, would help supergranular diffusion to produce the rigidly rotating magnetic field patterns. In fact, we found that a supplementary 10 m s -1 poleward flow, extending from near the equator to high latitudes, would provide rough agreement between the rotation profiles and correlation widths of the observed and simulated fields, respectively, during sunspot cycle 21.
Our simulations show that the rigidly rotating structures consist of curved stripes of alternating magnetic polarity. There is little doubt that these stripes correspond to the rigidly rotating unipolar magnetic regions (UMRs) and " ghost " UMRs which Bumba and Howard (1965) [1959] [1960] [1961] [1962] [1963] [1964] [1965] . Near sunspot maximum, these regions dominate the field at latitudes above the sunspot belts, and are presumably also responsible for the rigid rotation found by and Schatten et al (1972) . In the sunspot belts, the field is dominated by new bipolar magnetic regions, which, because of their relatively small sizes, trace out the differential rotation profile characteristic of small-scale features. Consequently, the field rotates differentially in the sunspot belts except during intervals when the emergence of new flux ceases. Such interruptions may have been responsible for the tendency of the magnetic field in the less active southern hemisphere to have rotated more rigidly than the field in the more active northern hemisphere during the years 1959-1970 (see Stenflo 1974) .
Several observers have used temporal filtering to distinguish differentially rotating short-lived features from rigidly rotating long-lived ones at latitudes below 40° Antonucci and Svalgaard 1974; Stenflo 1974 Stenflo , 1977 . To understand these observations, it is not necessary to postulate that as magnetic regions age, they become connected to deeper, more rigidly rotating subsurface layers, as has been done in the past (see Stenflo 1974 Stenflo , 1977 Snodgrass 1983; Ternullo 1986) . It simply requires time for meridional transport of flux via supergranular diffusion and meridional flow to come into equilibrium with the longitudinal transport of flux via differential rotation. Thus, the resulting rigidly rotating patterns must be old. The younger features consist of relatively undiffused flux in new bipolar magnetic regions, and therefore exhibit the more differential rotation profile characteristic of small-scale tracers.
The flux-transport mechanism also provides a natural explanation for the rigid rotation of X-ray and XUV coronal holes during the declining phase of the sunspot cycle (Timothy, Krieger, and Vaiana 1975; Wagner 1975; Bohlin 1977; Krieger 1977) . Located less than a few tenths of a solar radius from the Sun's surface, these X-ray and XUV structures have shapes and rotation rates which reflect the corresponding properties of the photospheric field. Their rotation rates are determined by the nonaxisymmetric field component which, we have seen, evolves toward a pattern of rigidly rotating stripes as the source rate declines toward sunspot minimum. On the other hand, the shapes of these coronal holes are determined not only by the striped nonaxisymmetric field component, but also by the axisymmetric component, which becomes relatively strong at high latitude toward sunspot minimum. Thus, in each hemisphere the combined field contains unipolar regions which stretch meridionally from the pole toward the equator and provide rigidly rotating locations for coronal holes similar to those observed during the Skylab mission in 1973-1974. Near sunspot maximum, the axisymmetric polar field is relatively weak, and has little influence on the combined field above the sunspot belts. Consequently, at this phase of the cycle, mid-latitude coronal holes, when they exist, have the slanted shapes of the striped nonaxisymmetric field (see Sheeley and Harvey 1981) . We expect these holes to rotate increasingly more rigidly as time passes, despite the fact that their slanted shapes reflect the influence of differential rotation.
In the years immediately following the Skylab mission in 1973-1974, a wide variety of ad hoc mechanisms were postulated to account for the rigid rotation of coronal holes (see Zirker 1977) . Timothy et al (1975) mentioned the possibility that the rigid rotation might be a manifestation of a rigidly rotating subphotospheric phenomenon such as that previously suggested by Bumba and Howard (1969) to account for active longitudes. Our simulations show that the rigidly rotating magnetic field patterns occur even when the longitudes of the sources are randomized. Furthermore, when we deliberately introduced sources at preferred longitudes in the Carrington system, we obtained rotation profiles which differed appreciably from those normally obtained for the observed field. In contrast, we note that supergranular diffusion and meridional flow combine with differential rotation to produce rigid rotation from any initial field configuration, and that it is the absence of new sources of flux, rather than some special pattern of their eruption, which allows the rigid rotation to develop.
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which is simply the intrinsic angula, rotation speed a. the original latitude of the poleward-moving flux. 
where Ty is the flow time R/v 0 . Thus, the phase velocity co p (0) approaches the equatorial rotation rate oe 0 after an elapsed time on the order of Ty/2. We have plotted this function in Figure 11 to show the progression from the Newton and Nunn profile toward the asymptotically rigid profile. The associated development of the magnetic field pattern has been illustrated previously by Sheeley and DeVore (1986) .
APPENDIX C THE INFLUENCE OF SUPERGRANULAR DIFFUSION
In this Appendix our objective is to analyze the combined effect of supergranular diffusion and differential rotation on the phase velocity of a sectorial magnetic field of the form given by equation (4). We assume that the initial phase gradients vanish and that the initial amplitude A(9) has the following dependence on colatitude 6 :
The index n determines the peak-field colatitude 6 m according to
and the power p is a measure of the amplitude's latitudinal width. Initially, the amplitude changes relatively little with time as differential rotation increases the phase gradient. At this stage, we can obtain the phase velocity by substituting equation (Cl) into equation (12) Thus, as time passes, the phase velocity at this colatitude does not differ from the intrinsic rotation rate oe(6). At higher latitudes, the phase velocity exceeds (o(6\ and at lower latitudes the phase velocity is less than oe(9). This behavior contrasts sharply with that obtained with meridional flow. With flow, the initial phase velocity is given by
where/(0) is the flow profile and oe'(0) is the colatitudinal gradient of the intrinsic rotation rate. Thus, the phase velocity exceeds the intrinsic rotation rate everywhere and has its largest value somewhere between the maxima of the flow profile and the angular rotation gradient. It is instructive to study the invariant colatitude as a function of the width parameter p. For a flat distribution with p = 0, the invariant colatitude is cos" 1 (1/3 1/2 ), corresponding to a latitude of ~ 35?3. (With the Snodgrass 1983 rotation formula, one obtains a latitude of 43?5.) For a sharply peaked distribution with very large p, the invariant colatitude approaches the peak-field colatitude 6 m given by equation (C2). Thus, in general the invariant latitude lies between 35?3 and the latitude of the peak field. For the special case of a horizontal dipole with n = 0 and p = j, the invariant latitude is ^26?6, corresponding to the 28.0 day rotation period of the field's dipole component (see Sheeley and DeVore 1986) .
In the absence of differential rotation, we would expect the amplitude to remain essentially unchanged for a time on the order of T d /p 2 , which is a few years for a diffusion rate of 300 km 2 s" 1 and for a relatively broad amplitude distribution withp < 4. However, differential rotation accelerates this decay by winding the field into progressively narrower stripes of alternating magnetic polarity, which are increasingly subject to diffusive annihilation. Eventually, the amplitude and phase will become strongly coupled as described by equations (5a), (5b), and the evolution will enter its amplitude-dependent stage.
We would expect the transition to occur when the phase-gradient term in equation (5b) 
provided that the phase satisfies equation (11) with S 0 (9) = 0 and that the intrinsic rotation profile is given by equation (Bl). The decay is greatest at a latitude of 45° where the Newton and Nunn rotation rate has its maximum gradient, and at this latitude the e-folding time t e is on the order of where z w is the differential rotation windup time 2n/co 1 = 130 days. For a two-sector field with m = 1 and a diffusion rate of 300 km 2 s " \ we obtain z e = 2. 1t w , or ~ 270 days. On the other hand, for a field dominated by concentrated sources of flux with m ~ 20, z e is on the order of 0.3t*,, or ~40 days. We illustrate this two-stage evolution in Figure 12 , which shows rotation profiles for the field whose initial configuration is a horizontal dipole. These profiles were obtained by cross-correlating consecutive synoptic maps of the instantaneous field simulated with Newton and Nunn rotation and 300 km 2 s" 1 diffusion, as described in § III. The initial profile is indicated by the dashed Newton and Nunn curve. The profiles marked 1-4 were obtained at subsequent intervals of 3, 13, 15, and 19 Carrington rotations, corresponding to 0.6, 2.7, 3.1, and 4.0 windup times. The final dotted profile was obtained after 48 Carrington rotations corresponding to 10.0 windup times. Figure 12 shows the transition from the initial Newton and Nunn rotation to the eventual two-zone rigid rotation. The initial amplitude-independent evolution is still present after an elapsed time of 0.6t w , and curve 1 is only slightly displaced from the Newton and Nunn profile. The transition to amplitude-dependent evolution is underway by 2.7t w , and by 3.1r w curve 3 shows a nearly rectangular profile with different periods above and below 45° latitude in each hemisphere. Shortly thereafter, the profile becomes discontinuous and overshoots its rectangular shape, as curve 4 at 4.0t w illustrates. Much later, the profile attains its asymptotic two-zone rigid rotation shown by the dotted curve at 10.0t w . This result is similar to that obtained in § Illb for the single sources evolving under Snodgrass rotation and 300 km 2 s" 1 diffusion. As shown in Figures 10 and 12 , the asymptotic values of the low-latitude and high-latitude phase velocities differ slightly from the equatorial and polar intrinsic rotation rates, respectively. We can understand these differences by examining the phase velocity at the equator and the poles. Omitting the source term in Equation (5a), we find that the low-latitude phase velocity is given by O) (w/2) = ft>0 + -• ( C8 ) id Thus, equatorward of 45° latitude, the phase velocity differs from cu 0 by the amount 0"(nl2)lx d , which represents the effect of diffusion in the region where the lines of constant phase have their greatest curvature. Physically, diffusion erodes the curvature Fig. 12 -Rotation profiles obtained for an initial horizontal dipole field subjected to Newton and Nunn differential rotation and supergranular diffusion at a 300 km 2 s~1 rate. The progression toward a two-zone rigid rotation is shown by curves marked 1-4 (corresponding to 0.6, 2.7, 3.1, and 4.0 differential rotation windup times, respectively), and by a final dotted curve after 10.0 windup times. Fig. 13. -(a) Evolution of the amplitudes of the spherical harmonic components of the field described in Fig. 12 . The odd-numbered meridional modes with / = 1-21 are shown. After about 3.5 windup times, new components of appreciable amplitude do not form, and the field decays, {b) The evolution of the phases of the corresponding harmonic field components. After about 3.5 windup times, all but the weakest components have nearly stopped rotating in the equatorial coordinate system. TC SHEELEY, NASH, AND WANG produced by differential rotation, and the resulting blunted nose of each line of constant phase moves steadily eastward in the equatorial coordinate system. At the poles, the curvature term 0"(0)/T d is accompanied by the limiting value of the term ^2 ^-+ cot 0^0'/T d , which represents the effect of diffusion across increasingly crowded lines of constant phase. The net result is to cause the blunted phase lines to move steadily westward in the coordinate system that rotates at the polar rate. DeVore (1987) has recently derived analytical expressions for these asymptotic phase velocities from an eigenvalue solution of equation (1) without the source term.
As we mentioned in § lie, this evolution can also be described in terms of the evolution of the field's spherical harmonic components. Figures 13a and 13b show the temporal variations of the amplitudes and phases, respectively. As differential rotation transfers power from the initial horizontal dipole to progressively higher-order harmonics, diffusion causes these higher order harmonics to decay. Thus, power is lost, and the higher order components never obtain appreciable amplitudes. Figure 13a shows that new components do not emerge after ~3.5t w , and Figure 13b shows that by this time the old components have nearly stopped rotating in the equatorial coordinate system. Consistent with the onset of the amplitude-dependent behavior obtained above, the field begins to decay and rotate rigidly.
